Abstract. Proton-proton collisions at energies from √ s = 200 GeV up to √ s = 14 TeV are studied within the microscopic quark-gluon string model. The model is based on Gribov's Reggeon Field Theory accomplished by string phenomenology. Comparison with experimental data shows that QGSM describes well particle yields, rapidity-and transverse momentum spectra, rise of mean �p T � and forward-backward multiplicity correlations. The latter arise in QGSM because of the addition of various processes with different mean multiplicities. The model also indicates fulfillment of extended longitudinal scaling and violation of Koba-Nielsen-Olesen scaling at LHC. The origin of both features is traced to short-range particle correlations in the strings. Predictions are made for √ s = 14 TeV.
Introduction
Despite the significant progress achieved in the last years, the theory of multiparticle production in elementary proton-proton collisions at ultrarelativistic energies is not completed yet. We all know, of course, that the processes with large momentum transfer Q 2 are well described by the perturbative chromodynamics (pQCD). Unfortunately, even at very high energies the main contribution to multiparticle production in hadronic interactions comes from the processes with small momentum transfer. This means that the running coupling constant α s (Q 2 ) is not small and, therefore, the perturbative series expansion is not very helpful. Other techniques, based on non-perturbative methods, should be utilized. The quark-gluon string model (QGSM) [1] and similar to it dual parton model (DPM) [2] is one of the possible approaches to solution of this very interesting and difficult problem. Both models are based on the Reggeon Field theory (RFT) [3] . Basic principles of the QGSM are sketched below. a e-mail: eugen.zabrodin@fys.uio.no
The QGSM model
The quark-gluon string model, formulated about 35 years ago [1] , employs the 1/N series expansion of the amplitude of a process in QCD, where N is either the number of colors [4] or the number of flavors [5] . This method is also called topological expansion, because of emergence of diagrams of various topologies. Although it is not possible to assign weights for the diagrams within the QCD, there is one-to-one mapping between the diagrams in 1/N-expansion and the processes with exchange of Regge singularities in the t-channel. For instance, exchange of quantum numbers via Reggeons corresponds to planar diagrams, whereas the cylinder diagrams are represented by the reactions without the quantum number exchange. The latter proceed via the exchange of Pomerons. Therefore, the perturbative Reggeon Field Theory (RFT) [3] is directly linked to quantum chromodynamics.
The Monte Carlo version of the QGSM [6] employs statistical weights, hadron structure functions and leading quark fragmentation functions obtained from the Regge approach in [1] to choose subprocesses of string production, to compute mass and momentum of strings and to simulate string decays, respectively. The hadron-hadron collision part of the model includes single and double diffraction subprocesses, antibaryon-baryon annihilation and elastic scattering. The hadron inelastic interaction cross section σ inel (s) = σ tot (s) − σ el (s) is split further into the cross section for single diffractive interactions σ S D (s) and the cross section for non-diffractive reactions σ ND (s), similar to analysis of experimental data. By means of the Abramovskii-Gribov-Kancheli (AGK) cutting rules [7] the inelastic non-diffractive interaction cross section σ ND (s) can be expressed via the sum of the cross sections for the production of n = 1, 2, . . . pairs of quark-gluon strings, or cut Pomerons, and the cross section of double diffractive process
To find σ n (s) one can utilize the quasi-eikonal model [8, 9] which states that
Here
The cross section σ 0 corresponds to diffraction contribution. The parameters γ P and R P are Pomeronnucleon vertex parameters, quantity ∆ ≡ α P (0) − 1, and α P (0) and α ′ P is the intercept and the slope of the Pomeron trajectory, respectively. The quantity C takes into account the deviation from the pure eikonal approximation (C = 1) due to intermediate inelastic diffractive states, ξ = ln (s/s 0 ) and s 0 is a scale parameter. Note that at very high energies the enhanced diagrams [10] At ultrarelativistic energies the model includes the new processes which represent the hard (multi)Pomeron exchanges. -The concept of soft and (semi)hard Pomerons is attributed to a major part of Monte Carlo models based on RFT, see [2, [12] [13] [14] . -Parameters of the soft and hard Pomerons used in present calculations are listed in Table 2 . We see that the intercept of hard Pomeron trajectory is significantly larger than that of the soft Pomeron, whereas its slope is zero.
The diagrams describing subprocesses in ultrarelativistic pp collisions are displayed in Fig. 1 . Here diagram (a) shows the soft multi-Pomeron exchange, diagram (b) represents both hard and soft Pomeron exchange, diagrams (c) and (d) show the single diffractive (SD) process with small (c) and large (d) mass excitation, and diagrams (e)-(g) display double diffractive (DD) processes with large (e) and small (f) mass excitation, and central diffraction (g). The cross sections of SD and DD processes in pp collisions were calculated within the QGSM in [15] . In our MC version, we utilize the following parametrization of these results proposed in [16] 
Cross sections of both processes rise as σ D ∝ ln s, which satisfies the Froissart limit σ tot ∝ (ln s) 2 . Cross sections σ tot , σ el , σ S D and σ DD obtained by QGSM are compared in Fig. 2 with the predictions of other RFT-based models [14, [17] [18] [19] [20] . At Tevatron energy √ s = 1.8 TeV all models agree within 5% accuracy limit for all cross sections except of the double-diffraction one, whereas at √ s = 14 TeV the model predictions start to deviate. Still, results for σ tot and σ S D are close to each other. Two versions of the Durham model, KMR-1 and KMR-2, predict excess of about 50% of double-diffraction cross section compared to other models. QGSM results are quite close to the calculations of the GLMM model [17] . QGSJET model [14] , which also employs the scheme with soft and hard Pomerons, yields larger total and elastic cross sections at √ s = 14 TeV. Further discussion of the differences and similarities between the models can be found in [18] .
It is easy to see that the main contribution to particle production in pp collisions at ultrarelativistic energies comes from the multi-Pomeron exchanges. The amplitude of the n-Pomeron exchange is suppressed by factor 1 N 2n , but it grows proportionally to s s 0
n∆
. The last term dominates over the suppression factor at LHC energies. Finally, the Field-Feynman algorithm [21] is employed to describe the fragmentation of strings into hadrons. Here the hadron emission proceeds from both ends of the string with equal probabilities under imposed conditions of the preservation of the quark numbers and the energy-momentum conser- The models are as follows: GLMM (circles) [17] , GLM (squares) [18] , QGSM (crosses), KMR-1 (triangles) [19] , KMR-2 (diamonds) [20] , and QGSJET-2 (stars) [14] . Dashed lines between the QGSM points are drawn to guide the eye.
vation. The transverse momenta of the produced quarks and diquarks obey the power-law probability
QGSM was successfully extended to the description of hadron-nucleus and nucleus-nucleus collisions at energies spanning from several GeV up to energies available at RHIC and LHC, see, e.g., [22] [23] [24] [25] [26] [27] [28] [29] [30] . Our present study, however, deals merely with proton-proton collisions in the energy range 200 GeV ≤ √ s ≤ 14 TeV.
Results

Transverse momentum and rapidity distributions
Here results for inelastic and non-single diffractive pp collisions are presented. energy, i.e. the spectra become harder because of the increasing contribution of the hard processes. This leads to increase of the average transverse momentum of charged hadrons shown in Fig. 4 . Here the model results are plotted onto the experimental data, obtained in pp andpp interactions at √ s ≤ 7 TeV. The LHC data show clearly a faster rise of the mean p T compared to linear extrapolation �p T � = a + b ln s of data below 900 GeV. Two parametrizations of �p T � were proposed. The first one is purely phenomenological quadratic dependence on ln s, and the second one is a power-law dependence on E = √ s/2 obtained within the color glass condensate (CGC) approach [44, 45] . By fitting the QGSM results, we got the following parameters for both approximations
Both curves are shown in Fig. 4 also. We see that the curves almost coincide within the whole investigated energy range, and so it is impossible to discriminate between the two parametrizations. Note, however, that Eq. (13) contains one less parameter compared to Eq. (12) because the exponent 0.1107 is not a free parameter but equals to one half of the exponent of the power-law fit to c.m. energy dependence of magnitudes of dN charge /dη distributions at midrapidity [44, 45] . To check this correspondence, the dN/dη distributions of charged hadrons in inelastic and NSD events are displayed in Fig. 5(a) and Fig. 5(b extrapolation of the data at lower energies. The extrapolation method relies on the proportionality to ln s of both the height and the width of dN/dη-distributions, and the energy independence of the slopes of η-spectra. This provides dN inel /dη(η = 0) = 4.6 ± 0.4 and dN NS D /dη(η = 0) = 5.25 ± 0.7 [47] . Both results are, obviously, significantly below the LHC experimental data.
The increase of midrapidity density as function of √ s is presented in Fig. 6 for both inelastic and non-single diffractive interactions. One can see clearly the deviation from the linear rise, proportional to ln s, which is valid for energies below 2 TeV. Similarly to p T spectra, dN/dη distributions calculated by QGSM were also fitted to the quadratic logarithmic dependence and to the power-law dependence, respectively, in the energy interval 200 GeV ≤ √ s ≤ 14 TeV. The results are as follows:
Both fitting curves are plotted onto the spectra in Fig. 6 . Again, there is no visible difference between the two parametrizations. Note that the exponent λ = 0.22 is indeed twice larger than the corresponding exponent of the power-law fit to the mean-p T data. 
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Extended longitudinal scaling and KNO scaling
Extended longitudinal scaling (ELS) was observed first in Ref. [48] in the fragmentation region of dN/dy (or dN/dη) spectra. Here the particle rapidity spectra have the same slope independent on the c.m. energy √ s. To demonstrate this distinctly, the dN/dy distributions at different energies are shifted to the beam rapidity, y max . The ELS was found to hold to 10% in a broad energy range 30.8 GeV ≤ √ s ≤ 900 GeV [31] . Some time ago, in Ref. [49] the violation of the ELS in pp collisions was predicted at energies available at LHC. To obtain the dN/dy particle spectrum at LHC the authors of [49] have fitted the rapidity spectra of hadrons at lower energies to the Gaussian, extracted the widths σ G , and extrapolated the obtained σ G ( √ s) dependence to the LHC energy range. The predicted dN/dy spectrum appeared to be quite narrow, thus indicating violation of the ELS.
QGSM does not support this prediction. We plot in Fig. 7 dN ch NS D /dy spectra as functions of y − y max in pp interactions at energies from √ s = 200 GeV to 14 TeV. It is easy to see that in the fragmentation region all curves sit on the top of each other. The fulfillment of the extended longitudinal scaling in the model is due to short-range rapidity correlations of hadrons in a string [16] . The correlation function of any two particles has exponential dependence
therefore, particles are uncorrelated provided ∆y = y 1 − y 2 ≫ 1. Then, the i-th particle inclusive cross section for the process 1 + 2 −→ i + X is F ∝ y i − y 1 , the condition of the Feynman scaling for the particle inclusive density n i = f i /σ inel is recovered:
Another interesting form of the scaling dependence is the so-called Koba-Nielsen-Olesen (KNO) scaling suggested in Ref. [50] . According to it, the multiplicity distribution P n (s) = σ n (s)/σ tot (s), where σ n (s) is the partial cross section of the process with n particles in the final state, depends on the c.m. energy √ s only through the normalized multiplicity n/�n�, i.e.,
Here �n� is the averaged multiplicity and Ψ(n/�n�) is an energy independent function. The KNO scaling was observed in pp andpp collisions up to energies available at ISR accelerator, √ s ≤ 62 GeV. Its violation at higher energies was predicted by the RFT specialists, see, e.g., [1, 7, 51] . The mechanism of the KNO violation within the Reggeon Field Theory is as follows.
The multiplicity of the produced particles in ultrarelativistic hadronic interactions is determined mainly by the number of cut Pomerons. Each cut Pomeron produces two strings, and the short range correlations of particles within the strings provide a Poisson multiplicity distribution of secondaries. At not very high energies or in the central rapidity window |y| ≤ 1, the contributions of the processes with different number of cut Pomerons strongly overlap. Therefore, the KNO scaling approximately holds. With rising c.m. energy, the number of strings and the energy deposited into a single string increases. As a result, we have an enhancement of the high multiplicity events. The particle distribution starts to deviate from the Poissonian, and violation of the KNO scaling takes place.
The QGSM calculations of the charged particle multiplicity distributions in three midrapidity intervals for pp interactions at 900 GeV and 2.76 TeV are compared in Fig. 8 of the ALICE Collaboration [36] . The model results agree well with the data. Investigation of these spectra in terms of the variable n/�n�, see Ref. [52] , has confirmed the violation of the KNO scaling in pp collisions at LHC energies. Namely, (i) formation of the more pronounced peak at not very high multiplicities, and (ii) rise of the high multiplicity tail of the multiplicity distribution have been observed. Figure 9 reveals the underlying mechanisms of these phenomena. For the sake of simplicity, we consider here events with only soft Pomerons. The more Pomerons in the event, the larger the high multiplicity tail of its spectrum. The average multiplicities of the multi-Pomeron distributions do not coincide anymore, and the local peak corresponding to the single-Pomeron exchange becomes apparent.
Particle freeze-out
In this section we present the distributions of coordinates and momenta for four abundant particle species, namely π + , K + , p and Λ + Σ 0 . Recall that the distributions are averaged over the whole ensemble of events. Therefore, the fluctuations on the event-by-event basis are disregarded. Apparently, particles can be produced in inelastic and elastic collisions, and in decays of resonances, but here we will not distinguish between the last interaction points.
The phase-space distribution of the particles on the mass shell depends on seven independent variables: coordinates � x, momenta � p, and time t. In both hadron-hadron interactions and central collisions of symmetric nuclei, there are only ten different coordinate pairs [26] . Two of them which give a nice visual information about the evolution of the system are shown in Figs. 10 and 11 . Figure 10 the first fermi-second. Particles demonstrate clear mass hierarchy: heavy particles freeze out earlier compared to the light ones, as heavy strings become less prevalent. Production of charged pions takes place up to t ≈ 18 fm/c in the central zone of the collision, whereas for charged kaons, protons and Λ's these times reduce to 12 fm/c, 10 fm/c, and 7 fm/c, respectively.
The transverse mass distribution,
, is shown in Fig. 11 . It appears that particles produced at the very beginning of the collision carry larger transverse mass and, therefore, larger transverse momentum. This finding is in line with the results of femtoscopy analysis that hadrons with the largest p T indicate the smallest emission zone. A second peak seen in just a few fm/c after the initial collision comes from the decays of short-lived resonances. The continuous production of hadrons from the resonance decays takes place up to quite long times. The transverse mass of the created hadrons drops almost exponentially with increasing time.
Forward-backward multiplicity correlations
Forward-backward multiplicity correlations between charged hadrons emitted in forward and backward hemispheres were first observed in [53] . The strength of the correlations is defined as
where n B and n F represent multiplicities of charged particles in backward and forward hemispheres, respectively. Figure 12 
revealing a sort of long-range correlations. The correlation strength is characterized by the slope b, which increases with rising energy of the collisions. As shown in Fig. 12 , the correlations between the �n B � and n F are mainly determined by the soft processes. The linear profile of the forward-backward correlations can be reproduced by the mixture of several emitting sources. Moreover, the multiplicity of the secondary hadrons should be described by the Poisson distribution, and all sources should possess different average multiplicities [31] , see also [54, 55] and references therein. Let us sketch briefly how this picture emerges in the QGSM.
It is worth noting that the model successfully reproduces the forward-backward multiplicity correlations in pp andpp collisions not only at energies above hundred GeV, but also at energies about few GeV in the c.m. frame [56] . In this energy range the variety of subprocesses describing thepp interactions is more copious compared to that describing the pp collisions, because of, e.g., annihilation processes, planar diagrams, and so forth. As a result, the correlation strength is stronger inpp interactions. At ultrarelativistic energies the contribution of these diagrams to the total cross section rapidly drops to zero. The difference between the b pp corr and bp p corr disappears, but the slopes of the distributions become steeper at higher energies. It happens because of the increase of the variety of multi-Pomeron processes with energy. If, however, we are picking up just one particular subprocess with the fixed amount of Pomeron exchanges, the correlation slope is essentially zero, as seen in shown for the subprocesses with N soft Pomerons, where N varies from zero to seven. Despite the significant event-by-event multiplicity fluctuations, the slopes of the partial distributions are absent. But when we are combining the subevents with different mean multiplicities together, a nice picture of positive correlations �n B (n F )� arises. This circumstance explains also the nonzero slope of the distribution for events with just one soft Pomeron. Here we are mixing up several diagrams corresponding to the double diffraction displayed in Fig. 1 . Detailed study of the forward-backward multiplicity correlations within the QGSM and comparison with the available experimental data can be found in [55] .
Conclusions
The Monte Carlo version of the quark-gluon string model is applied for the description of protonproton collisions at energies from √ s = 200 GeV to 14 TeV. The model is based on Gribov's Reggeon Field Theory and employs theoretical estimates for the total cross sections, as well as for the cross sections of single diffraction and double diffraction processes. Parameters of soft and hard Pomerons are tuned to provide the best fit to the data at LHC energies. It is shown that QGSM reproduces well the bulk observables, such as yields, rapidity-and transverse momentum spectra of charged particles at all energies in question.
Several scaling hypothesis have been examined.The model indicates fulfillment of the extended longitudinal scaling accompanied by the violation of both Feynman scaling and KNO scaling. The origin of these phenomena is traced to short range momentum correlations of particles in strings and copious production of hadrons in multi-Pomeron processes. The latter leads to the formation of distinct peak in the multiplicity distribution at lower multiplicities and rise of the high-multiplicity tail of the distribution.
Although the main part of the most abundant particle species is produced at the very beginning of the collision, there is no sharp freeze-out of hadrons in pp interactions. Hadron emissivity rapidly drops with time t. However, the production of pions in the central zone of pp collisions at √ s = 900 GeV, for instance, takes place up to t ∼ 18 fm/c. For other hadron species this time is shortened, thus revealing the mass hierarchy: the heavier the particle, the faster the freeze-out proceeds. Hadrons with large transverse momentum are produced at the first fm/c, whereas soft hadrons are emitted during the whole time of evolution. Secondary peak in the d 2 N/m T dm T dt distribution appears because of decays of short-lived resonances. Finally, the model was employed to study forward-backward multiplicity correlations. Note that no extra tuning of the model parameters was performed. Because of the rich set of various subprocesses at partonic level, QGSM reproduces nicely almost linear positive FB correlations in pp andpp interactions in a very broad energy range. We show that for each particular subprocess the FB multiplicity correlations are absent despite of the significant multiplicity fluctuations on event-by-event basis. But when we add up all these events with different average multiplicities, the picture of strong positive FB correlations emerges.
